Growth and patterning of the vertebrate limb are controlled by the ridge, posterior mesenchyme, and nonridge ectoderm. Fibroblast growth factor 4 (FGF4) and Sonic hedgehog (SHH) can mediate signaling from the ridge and posterior mesenchyme, respectively. Here we show that dorsal ectoderm is required together with FGF4 to maintain Shh expression. Removal of dorsal ectoderm results in loss of posterior skeletal elements, which can be rescued by exogenous SHH. WntTa, which is expressed in dorsal ectoderm, provides the signal required for Shh expression and formation of posterior structures. These results provide evidence that all three axes (dorsoventral, proximodistal, and anteroposterior) are intimately linked by the respective signals WNT7a, FGF4, and SHH during limb outgrowth and patterning.
Introduction
Experimental manipulations of the developing chick limb bud have enabled definition of the signaling centers necessary for outgrowth and pattern formation: the apical ectodermal ridge, posterior mesenchyme, and nonridge ectoderm. The ridge is a thickened epithelium that forms at the distal tip of the limb and runs along the anteroposterior axis. The ridge controls proximodistal outgrowth (from shoulder to digits) by stimulating proliferation of underlying mesenchyme. This "progress zone" mesenchyme contains undifferentiated progenitors of the limb skeleton. When the ridge is removed, outgrowth ceases and the limb is truncated along the proximodistal axis (Saunders, 1948; Summerbell, 1974) .
A region of mesenchyme posterior and proximal to the progress zone is involved in anteroposterior patterning (e.g., thumb to little finger in human hand). Evidence for this comes from transplantation studies in which posterior mesenchyme is grafted to the anterior margin of a host limb bud. This causes respecification of the anterior mesenchyme and ridge and results in mirror-image skeletal duplications in which the most posterior structures are formed near the grafted tissue (Saunders and Gasseling, 1968; Tickle et al., 1975) . The region of posterior mesenchyme capable of polarizing anterior cells has been called the zone of polarizing activity (7PA).
Patterning along the dorsoventral axis (e.g., back of hand to palm) is controlled by signals from the ectoderm that covers the limb bud mesenchyme. When the limb ectoderm is dorsoventrally reversed relative to the mesenchyme, the dorsoventral polarity of the distal skeletal pattern is reversed to correspond to the polarity of the ectoderm (MacCabe et al., 1974; Pautou, 1977) .
Recent molecular studies have identified two genes that participate in signaling from the ridge and posterior mesenchyme, fibroblast growth factor 4 (Fgf4) and Sonic hedgehog (Shh), respectively (Niswander et al., 1993; Riddle et al., 1993) . Members of the FGF family are expressed in the ridge (Niswander and Martin, 1992; Savage et al., 1993; Heikinheimo et al., 1994; Niswander et al., 1994; Crossley and Martin, 1995) , and they can provide all of the ridge-derived signals necessary for limb outgrowth and patterning (Niswander et al., 1993; Fallon et al., 1994) . Although various FGF members are capable of performing the functions of the ridge in experimental studies, FGF4 is likely to be a specific family member that performs these functions in vivo. Fgf4 encodes a secreted protein and is expressed in the posterior half of the ridge, where the greatest outgrowth occurs (Saunders, 1948; Delli-Bovi et al., 1988; Niswander and Martin, 1992; Suzuki et al., 1992; Niswander et al., 1994) . Moreover, Fgf4 is induced in the anterior ridge following experiments in which the anterior part of the limb bud becomes respecified to a posterior fate by means of inducing an ectopic ZPA (Charit~ et al., 1994; Laufer et al., 1994; Niswander et al., 1994) .
Shh RNA. is expressed in the posterior part of the limb bud in the region defined as the ZPA. Moreover, ectopic expression of Shh in the anterior part of the limb bud causes respecification of anterior cells and results in mirror-image skeletal duplications, similar to those caused by a ZPA graft (Riddle et al., 1993) . This indicates SHH is a component of the ZPA signaling pathway.
The ability to manipulate FG F4 and SHH experimentally has led to the discovery that proximodistal and anteroposterior patterning are mutually dependent. A positive feedback loop is established in which Fgf4 in the ridge is regulated by SHH in the mesenchyme and, in turn, Shh expression is regulated by FGF4 (Laufer et al., 1994; Niswander et al., 1994) . Here we show that the interaction between FGF4 and SHH could control the location of the ZPA to the distal tip of the limb bud.
In addition, we show that signals from the dorsal ectoderm are necessaryto maintain Shh expression and posterior skeletal formation. Moreover, we demonstrate that Wnt7a, which is expressed in the dorsal ectoderm in the chick and mouse limb bud (Dealy et al., 1993; Parr et al., 1993) , can provide the dorsal ectodermal signal required for Shh expression and formation of posterior structures.
Thus, the work presented here demonstrates that dorsoventral signals are required for anteroposterior patterning.
The Wnt genes, which encode secreted proteins that associate with the cell surface and extracellular matrix, have been implicated in a number of developmental processes, including the regulation of cell fate and pattern formation (reviewed by Nusse and Varmus, 1992) . Genetic and mo- , an FGF4 or PBS bead was inserted into the proximal posterior mesenchyme near the body well at the stages indicated, the embryos were incubated for an additional 24 hr, and they were then processed for RNA in situ hybridization. Shh expression 24 hr after treatment at stage 20 using an FGF4 bead is shown in (D), at stage 24 using an FGF4 bead in (E), at stage 26 using an FGF4 bead in (F), and at stage 24 using a PBS bead in (G (Lee et al., 1992; Tabata et al., 1992) . Th us, the interaction between Wnt and hh is important for both vertebrate and invertebrate development. We propose a model in which vertebrate limb growth and pattern formation are coordinated by the interactions among signals from all three axes, dorsoventral (WNT7a), proximodistal (FGF4), and anteroposterior (SHH).
Results

FGF4 Controls the Expression Domain of Shh and Induces an Ectopic ZPA in the Proximal Posterior Mesenohyme
In the young chick limb bud (up to stage 21), Shh RNA is expressed in the posterior mesenchyme from the body wall (proximal) to the limb tip (distal) ( Figure 1A ). As the limb continues to grow out (e.g., stage 23 and later), Shh RNA becomes restricted to the distal posterior part of the limb bud near the ridge and is no longer detectable proximally (Figures 1B and 1C ; see also Riddle et al., 1993) .
The restriction of the Shh domain, as well as the fact that FGF4 or the ridge is required to maintain Shh expression (Laufer et al., 1994; Niswander et al., 1994) , suggests that Figures 1E and 1F ). Ectopic Shh expression remained restricted to the posterior margin and often was not detected on the anterior side of the FGF4 bead. In limbs treated at stage 24, ectopic Shh RNA was detected within 10 hr of treatment (data not shown), and by 24 hr Shh was expressed at high levels in proximal posterior mesenchyme, comparable to endogenous Shh RNA levels near the ridge ( Figure 1E ). However, in limbs treated at stage 26, ectopic Shh RNA levels were much lower ( Figure 1F ). This could be due at least in part to the differentiated state of the proximal mesenchyme, where cell condensation and cartilage formation have begun. Control experiments demonstrated that ectopic Shh RNA was not induced by a phosphate-buffered saline (PBS)-soaked heparin bead nor by an FGF4 bead applied to the anterior region of the limb bud ( Figure 1G ; Niswander et al., 1994 ; data not shown).
Several genes thought to be direct or indirect targets of the ZPA, such as Bmp2, Bmp4, and Hoxd13, are normally expressed near the endogenous Shh domain (Izpist~a-Belmonte et al., 1991; Francis et al., 1994) . We found that these genes were also induced near the ectopic Shh domain of a limb treated with FGF4 at stage 24 (data not shown). However, if Shh is exogenously supplied to the proximal posterior mesenchyme in the absence of an FGF4 bead, then these genes were not expressed (data not shown). Similarly, studies in the distal anterior part of the limb bud (Laufer et al., 1994) indicate that SHH must act in conjunction with a ridge signal or FGF4 to activate Bmp2 and Hoxd13 gene expression.
We next determined whether proximal posterior tissue in which Shh has been induced can function as a ZPA, as defined by grafting experiments (Saunders and Gasseling, 1968 ). An FGF4 bead was inserted near the body wall of limb buds at different stages, and 24 hr later a small piece of tissue adjacent to the FGF4 bead was grafted under the anterior ridge of a host limb bud. Tissue from a limb treated at stage 24, in which a high level of Shh RNA would be induced, had full polarizing activity and displayed complete digit duplications (4-3-2-3-4 or 4-3-3-4; n = 9; Figure 2A ). In contrast, tissue from a limb treated at stage 26, in which a low level of Shh would be induced, had weaker polarizing activity and only produced an extra digit 2 (2-2-3-4 in four cases and no duplication in five cases; Figure 2B ). In control experiments, no polarizing activity was detected from a stage 24 limb treated with a PBS bead (n --4; data not shown). Therefore, not only is Shh expression induced by FGF4, but this tissue can also function as a ZPA. The only morphological consequence of applying FGF4 to the proximal posterior mesenchyme of stage 24 limb buds was that the ulna became thickened ( Figure 2C ).
However, we could demonstrate activity of the induced ZPA in the proximal part of the limb bud by grafting anterior (preaxial) progress zone mesenchyme and ectoderm next to a bead that had been inserted 24 hr earlier. In the presence of an FGF4 bead, a fairly normal ectopic limb developed containing a humerus, radius, ulna, and digits 2 and 3, but digit 4 was missing (n --4; Figure 2D ). In contrast, when preaxial tissue was grafted next to a PBS bead, only a small unpatterned piece of cartilage was observed (n = 3; data not shown). Thus, the induced ZPA must act in conjunction with undifferentiated progress zone cells to produce a patterned and distally complete limb.
Signals from the Dorsal Ectoderm Cooperate in the Regulation of Shh Expression
Inspection of the FGF4-induced Shh expression pattern in the proximal posterior mesenchyme showed that Shh RNA was not equally distributed around the FGF4 bead. Shh expression was stronger on the dorsal side of the bead and weaker on the ventral side. Often, Shh expression was largely restricted to mesenchyme near the surface ectoderm and was only weakly detected in mesenchyme internally ( Figure 3A ). To examine whether dorsal localization of Shh expression is due to a differential response between dorsal and ventral mesenchyme, we inserted a PBS bead and an FGF4 bead into the mesenchyme with the PBS bead closer to the dorsal side and the FGF4 bead closer to the ventral side. In this case, Shh expression was still detected most strongly in the dorsal mesenchyme ( Figure 3B ).
These observations raise the possibility that dorsal ectodermal signals are required to induce Shh expression. Therefore, we removed dorsal ectoderm, ventral ectoderm, or both from the proximal part of a stage 24 limb, inserted an FG F4 bead into the proximal posterior mesenchyme, and 24 hr later examined Shh expression. In contrast with the high level of Shh expression induced in the presence of an FGF4 bead and intact ectoderm ( Figures  1E and 3A) , we found that removal of the dorsal ectoderm resulted in only low levels of ectopic Shh expression, even though FGF4 was present ( Figure 3D ). Removal of the ventral ectoderm had only a minor effect on Shh expression levels ( Figure 3E ). When both dorsal and ventral ectoderm were removed, Shh RNA was not detected near the FGF4 bead ( Figure 3F ). In some cases, the dorsal ectoderm grew back slightly so that the FGF4 bead was partially covered by dorsal ectoderm. In these cases, ectopic Shh expression was detected only in rnesenchyme underlying the ectoderm, near the FGF4 bead (data not shown). These data suggest that a signal(s) from the ectoderm is required in conjunction with FGF4 to induce Shh expression. In addition, it appears the predominant inductive signal(s) comes from dorsal rather than ventral ectoderm.
This raises the question as to whether dorsal ectoderm signals are required for endogenous Shh expression. To test this, we removed either dorsal ectoderm, ventral ectoderm, or both from a stage 20 limb bud, leaving the ridge intact, and Shh expression was examined 24 hr later. In contrast with the high levels of Shh expression in the contralateral unmanipulated limb ( Figure 3G , left limb), endogenous Shh expression was greatly reduced when the dorsal ectoderm was removed ( Figure 3G , right limb). Removal of the ventral ectoderm had only a minor effect on endogenous Shh expression ( Figure 3H ). Removal of both the dorsal and ventral ectoderm results in disruption of the ridge. Therefore, the entire distal tip ectoderm was removed, and an FGF4 bead was applied to the posterior limb mesenchyme to replace the ridge signal. In this context, Shh expression was not detected (data not shown). We also tested the effect of dorsal ectoderm removal on polarizing activity. The distal posterior part of the limb bud was divided into three pieces 24 hr after removal of the dorsal ectoderm, and each piece was grafted individually to the anterior margin of a host limb. Weak or no polarizing activity was detected (2-2-3-4 or no duplication in six pieces tested) whereas tissue from the contralateral limb displayed strong polarizing activity (greatest duplication, 4-3-2-3-4; six pieces tested). These studies indicate that ectodermal signals (predominantly from the dorsal ectoderm) are required to maintain endogenous Shh expression, as well as polarizing activity. However, in the normal limb, the Shh expression pattern does not seem to be preferentially localized to dorsal mesenchyme ( Figure 3C ). Therefore, by experimentally manipulating the limb, we have uncovered a hidden, but necessary, signal that serves to maintain the activity of the posterior mesenchyme.
Shh-Expressing Cells Can Rescue Posterior
Skeletal Elements That Are Lost Owing to Dorsal Ectoderm Removal
After removal of dorsal ectoderm at stage 20, the resulting limb lacked an ulna and the most posterior digit 4 ( Figure  4A ; n = 5). The experimental limbs were also significantly smaller compared with the contralateral limb (see below). We were unable to determine the dorsoventral polarity of the limbs. We reasoned that the loss of posterior skeletal elements could be related to the earlier decrease in Shh expression. Therefore, we provided SHH to the limb to see whether it was possible to rescue the abnormal phenotype and allow formation of posterior skeletal elements. This was done by grafting a pellet of Shh-expressing cells to the posterior distal limb tip after removal of the dorsal ectoderm. We found that, although the limb was still smaller than the contralateral limb, the ulna and digit 4 were now formed ( Figure 4B ; n = 3). This finding demonstrates that increasing the number of Shh-expressing cells in the limb, after removal of the dorsal ectoderm, promotes the formation of posterior skeletal elements. These results suggest that SHH can act in a dose-dependent manner to specify cell fate along the anteroposterior axis.
Previously, Martin and Lewis (1986) reported that removal of chick wing dorsal ectoderm by ultraviolet irradiation resulted in skeletal elements that were reduced in size (55%-80% of control). In our experiments, the skeletal structures were similarly reduced (average percentage length of control: humerus, 740/0; radius, 51O/o; digit 2, 89%; digit 3, 46%). However, in only 5% of the cases did Martin and Lewis observe a loss of posterior structures, and then only the distal phalanx of digit 4 was missing. In our experiments, digit 4 was completely missing in all cases (n --5). The ulna was completely missing in three cases and partially formed in the other two cases. The reduction in skeletal size was not rescued by application of Shh-expressing cells (average percentage length of control: humerus, 52%; radius, 51%; ulna, 80%; digit 2, 90%; digit 3, 45%; digit 4, 65%).
WNT7a Can Substitute for the Dorsal Ectoderm Signal Required for Shh Expression and Posterior Skeletal Development
In the normal chick limb bud, Wnt7a is expressed exclusively in the dorsal ectoderm (Dealy et al., 1993) . In view of the fact that during Drosophila segmentation the expression of wg is required for the expression of hh, we tested whether WNT7a might be the dorsal ectoderm signal required for Shh expression in the vertebrate limb. We first examined the dependence of endogenous Shh expression on WNT7a. After removal of the dorsal ectoderm from a stage 20 wing bud, a pellet of Wnt7a-expressing cells was grafted into the distal posterior mesenchyme. We found that endogenous Shh RNA was maintained at the graft site at approximately normal levels whereas in the absence of Wnt7a, Shh RNA was barely detectable (compare Figure  5A with Figure 3G ). To determine whether WNT7a and FGF4 are capable of maintaining Shh expression, the dorsal ectoderm and ridge were removed and a Wnt7a cell pellet and an FGF4 bead were applied to the distal limb mesenchyme. We found that these two signaling molecules are sufficient to maintain Shh expression ( Figure  5B ). The grafted cells do not express Shh (arrow in Figure  5B ), but Shh is expressed in limb mesenchyme between the graft and bead and partially surrounding the bead. Control experiments demonstrate that neither an FGF4 bead by itself, nor Wnt7a-expressing cells alone, nor non- (E-F) Ectopic Shh expression 24 hr after removal of the dorsal ectoderm from a stage 24 wing bud and application of an FGF4 bead to proximal posterior mesenchyme of a limb bud infected with Wnt7a-expressing retrovirus (posterior view) (E) or application of an FGF4 bead and a Wnt7a cell pellet to the proximal posterior limb mesenchyme (F). For the experiment shown in (E), Wnt7a infection has spread relatively uniformly throughout the mesenchyme as determined by in situ hybridization in parallel experiments. In the schematic drawings, the yellow and white hatched boxes represent a graft of Wnt7a-expressing or nontransfected CEF cells, respectively. In (E), the yellow hatching schematically illustrates that the limb bud was infected with Wnt7a-producing retrovirus 24 hr prior to the experimental manipulation. In the photographs, the arrow marks the cell graft, and the arrowhead marks the bead location.
transfected cells together with an FGF4 bead can maintain Shh expression (Figures 5C and 5D ; data not shown).
We also examined the dependence of ectopically induced Shh on WNT7a. Dorsal ectoderm over the proximal part of a stage 24 wing bud was removed, Wnt7a was introduced either by grafting a pellet of Wnt7a cells near the body wall or using retroviral infection to express Wnt7a in the limb mesenchyme, and an FGF4 bead was inserted into the proximal posterior mesenchyme. After 24 hr, ectopic Shh was only detected near the FGF4 bead, even when Wnt7a was expressed more globally by retroviral infection (Figures 5E and 5F ; data not shown). In these experiments we found that Shh was expressed equally in dorsal and ventral mesenchyme (compare Figure 5E with Figures 3A and 3B ). This indicates that although Wnt7a is normally expressed in the dorsal ectoderm, it does not need to be expressed at the dorsal surface of the limb to exert its effect.
We then tested whether WNT7a could rescue development of posterior skeletal elements that are lost upon removal of the dorsal ectoderm. The dorsal ectoderm was removed from a stage 20 limb bud, and a pellet of Wnt7a cells was grafted to the distal posterior mesenchyme. The ulna and digit 4 now formed, although the limb was significantly smaller than the contralateral limb (see Figure 4C ; n = 3; average percentage length of control: humerus, 78%; radius, 67%; ulna, 54%; digit 2, 79%; digit 3, 70%; digit 4, 74%). Thus, WNT7a can restore anteroposterior pattern formation but cannot correct the reduction in overall size of the skeletal elements.
These results demonstrate that WNT7a can substitute for the function of the dorsal ectoderm in the regulation of Shh expression and anteroposterior pattern formation. In addition, our studies indicate that Shh expression is dependent on cooperation between WNT7a and signals from the ridge or FGF4. Thus, dorsoventral and proximodistal signals are integrated in the regulation of anteroposterior patterning during vertebrate limbdevelopment.
Discussion
Here we have shown that a signal from the dorsal ectoderm is required, in conjunction with the ridge or FGF4, to induce and maintain Shh expression in the developing limb bud. Following removal of the dorsal ectoderm, Shh expression is dramatically decreased, and the resulting limb lacks posterior skeletal elements. Moreover, we have shown that WNT7a, which is expressed in the dorsal limb ectoderm, can replace the dorsal ectodermal signal necessary for Shh expression and formation of the posterior skeleton. This indicates that nonridge ectoderm is required for anteroposterior patterning, in addition to its known role in dorsoventral patterning. Whereas the expression of Shh is characteristic of what has been called the ZPA, the ability of tissues to express Shh is dependent on a positive feedback loop with a product of the ridge, FGF4, and on the concomitant expression of the gene Wnt7a in the dorsal ectoderm.
Earlier models for the control of limb patterning tend to evoke separate and noninteracting signals that direct proximodistal outgrowth (apical ridge), anteroposterior patterning (posterior mesenchyme), and dorsoventral patterning (nonridge ectoderm). This simplified view of cellular signaling has proven useful for defining patterning activities, but it is now clear that mutual and reciprocal interactions link these signals together. Our results provide evidence that the signals that define pattern formation along the three spatial coordinates of the limb are intimately linked. The interplay among WNT, FGF, and SHH forms the basis for a relatively simple mechanism to coordinate positional identity along all three axes in the developing vertebrate limb. Loss of the primary signal from the dorsal ectoderm, ridge, or posterior mesenchyme results in a dramatic phenotype, affecting not only their respective primary axis but altering the signals within other axes.
Restriction of Shh to the Distal Limb Bud Is Influenced by Local Production of FGF in the Ridge
We have explored the manner in which Shh expression is restricted along the proximodistal axis by applying an exogenous source of FGF4 protein to the proximal posterior limb mesenchyme. Because ZPA activity and Shh expression are dependent on ridge signals or FGF (Anderson et al., 1993; Niswander et al., 1993 Niswander et al., , 1994 Vogel and Tickle, 1993; Laufer et al., 1994) , we reasoned that polarizing activity may be lost and Shh expression downregulated as cells leave the region influenced by the ridge or FGF4. Here we demonstrate that application of FGF4 to the proximal limb bud results in ectopic activation of Shh expression and establishment of a functional ZPA in proximal posterior cells. This indicates that proximal mesenchyme cells are competent to express Shh and polarizing activity in response to FGF4 even though these cells normally no longer express these activities. From this we suggest that restricted ridge signals serve to confine the ZPA and Shh to the distal limb mesenchyme. In the normal limb, it appears that the positive feedback loop between FGF4 and SHH (Laufer et al., 1994; Niswander et al., 1994 ) is abrogated in the proximal mesenchyme by restricting the source of FGF4 to the ridge.
Although we have shown that FGF4 can induce Shh expression along the proximodistal extent of the limb bud, ectopic Shh expression remains restricted to the posterior margin. At least two possibilities exist as to the manner in which Shh RNA is restricted posteriorly. The ability to express Shh may depend on the cell state or developmental history such that Shh can only be induced in cells that previously expressed Shh or perhaps still express Shh at very low levels. Alternatively, an additional signal(s) may be required, and this signal may arise via the interaction among cells at the very posterior margin of the limb. The posterior margin is a site where dorsal ectoderm (Wnt7a-expressing) and ventral ectoderm (engrafted.expressing; Davis et al., 1991) cells are juxtaposed. In the Drosophila embryo, it has been proposed that organizing centers are established at the junction between wg/Wnt-and engrafted-expressing cells (Heemskerk and DiNardo, 1994) . Therefore, it may be that the vertebrate limb organizing center is established by the combined action of the dorsal ectoderm, ventral ectoderm, and posterior ridge. These three cell types meet in a restricted region at the distal posterior tip, and this could serve to restrict Shh expression to the distal posterior margin of the limb bud.
Dorsal Ectoderm Signals Cooperate with FGF4 in the Regulation of Shh Expression
Further study of the ectopic Shh domain demonstrated that Shh is strongly expressed in mesenchyme near the FGF4 bead on the dorsal side of the limb and only weakly on the ventral side. This led to the discovery that signals from the dorsal ectoderm play a predominant role in the regulation of endogenous Shh expression and ZPA activity in the chick limb bud. Removal of dorsal ectoderm overlying the endogenous Shh expressiondomain leads to a dramatic decrease in Shh RNA levels and polarizing activity, and the resulting limb lacks posterior skeletal elements. We suggest that the primary reason that posterior skeletal elements do not form in the absence of dorsal ectoderm is a decrease in levels of SHH. This is based on the ability of posterior structures to develop under these conditions when Shh-expressing cells are exogenously provided. Because SHH appears to be a component of the ZPA signal, our studies are consistent with the hypothesis that the ZPA acts to pattern cells progressively as the limb continues to grow.
WNT7a Can Replace the Dorsal Ectoderm Signal
Necessary for Shh Expression
The Wnt family of signaling molecules have been implicated in the regulation of cell fate, pattern formation, and oncogenesis (reviewed by Nusse and Varmus, 1992) . During Drosophila segmentation, wg is required for hh expression, and, as its name implies, wg is required for proper development of the Drosophila wing, as is hh (Lee et al., 1992; Tabata et al., 1992; Struhl and Basler, 1993; Basler and Struhl, 1994; Diaz-Benjumea et al., 1994 , and references therein). In the vertebrate limb, Wnt7a is expressed exclusively in the dorsal ectoderm (Dealy et al., 1993; Parr et al., 1993) and therefore is a good candidate for the dorsal ectoderm signal necessary for Shh expression. Here we have demonstrated that WNT7a can provide this signal required for expression of Shh and maintenance of the ZPA. Moreover, WNT7a can rescue the formation of posterior skeletal elements that are lost following removal of the dorsal ectoderm, although its effect on anteroposterior patterning may be indirect via SHH. Indeed, the requirement for WNT7a in anteroposterior patterning can be bypassed if a continuous source of SHH is provided by using a retroviral expression vector such that Shh would not be dependent on signals from the dorsal ectoderm. However, during normal limb development, WNT7a, FGF4, and SHH are dependent on the activity of each other. Parr and McMahon (1995) have created a null mutation of the mouse Wnt7a gene by targeted mutagenesis. Their results complement ours in that they observe a decrease in Shh RNA levels in the limb and a loss of posterior skeletal elements. Moreover, the dorsoventral polarity of many limb structures is altered such that ventral structures form on the "dorsal" side of the limb. Taken together with our results, we propose that Wnt7a influences two aspects of limb development: it provides the dorsalizing signal necessary for dorsal pattern formation, and it maintains expression of Shh, which is necessary for anteroposterior pattern formation.
The ventral ectoderm influences activation and maintenance of Shh exPression, but to a much lesser extent than the dorsal ectoderm. As many Wnt genes are expressed in the vertebrate limb bud ectoderm (Gavin et al., 1990; Dealy et al., 1993; Parr et al., 1993) , it is possible that members of the Wnt family are responsible for Shh regulation by both the dorsal and ventral ectoderm. One possible explanation as to why endogenous Shh expression is not normally restricted dorsoventrally could be that the predominant dorsal ectodermal signal acts in combination with the weaker ventral ectodermal signal to maintain Shh throughout the distal posterior mesenchyme.
Interaction among Products of the Genes Fgf4,
WntTa, and Shh Constitutes the ZPA
The properties of the ZPA are adduced by observing the regulatory behavior elicited in tissues brought under its influence. The activity of the ZPA requires signals from the ridge, posterior mesenchyme, and, as shown here, the dorsal ectoderm. In addition, the results presented here indicate that the ZPA issues from the localized interdependent action of the gene products FGF4, WNT7a, and SHH. As schematized in Figure 6 , FGF4 and WNT7a regulate Shh expression. In addition, SHH positively regulates the expression of Fgf4, thereby forming a positive feedback between these two genes (Laufer et al., 1994; Niswander et al., 1994) . The expression domains of these genes overlap in the posterior part of the limb bud, first proximally and then progressively more distally as the limb bud elongates under the influence of the ridge. It is our hypothesis that this zone of interaction is what constitutes the ZPA. It is in the complex interplay of these gene products that the ZPA finds its identity and leads to successive downstream expression of genes involved in patterning the growing limb bud. It has yet to be determined whether SHH regulates WNTTa or whether there is a direct interaction between WNTTa and FGF4. However, WNTTa could indirectly regulate FGF4 via SHH. As proposed in the Discussion, we suggest that the ZPA is established by the local interaction among WNT7a, FGF4, and SHH. Thus, the ZPA integrates the signals for positional information along the three axes: proximodistal (FGF), anteroposterior (SHH), and dorsoventral ONNT7a).
By experimental manipulation it is possible to bring together these three signals and create an ectopic ZPA. This has been done in two places in the limb bud: the proximal posterior margin and the distal anterior margin. In our studies, application of FGF4 to the proximal posterior part of the limb bud induces Shh expression. Because Wnt7a is normally expressed throughout the dorsal ectoderm, all three signals are therefore present in this region, and an ectopic ZPA is established. On the anterior side of the limb bud, retinoic acid can induce the expression of Fgf4 and Shh (Riddle et al., 1993; Helms et al., 1994; Laufer et al., 1994; Niswander et al., 1994) , and because Wnt7a is present, all three signals are again present and an ectopic ZPA is established.
In conclusion, the signaling molecules FGF, SHH, and WNT are expressed throughout many stages of embryonic development. Understanding their interactions and the downstream genes they control in the developing limb should provide a greater understanding of how they may serve to coordinate a number of developmental processes, such as development of neural structures and organization of the primary body axis.
Experimental Procedures Experimental Manipulation of Chick Limbs
Fertile white leghorn eggs were incubated at 38°C until they reached the appropriate stages (Hamburger and Hamilton, 1951 ; reprinted as Hamburger and Hamilton, 1992) . The membranes were pulled back using forceps to reveal the wing bud, and a small cut was made at the proximal posterior side of the wing bud with a microblade (Fine Science Tools, catalog number 10315-12). A heparin acrylic bead (Sigma, H5263) soaked in FGF4 (1 mg/ml [-50 mM] ; provided by the Genetics Institute) or PBS was inserted into the mesenchyme at the cut site. The beads were prepared according to the method of Niswander et al. (1993) . The embryos were returned to the incubator and either fixed at various time periods in 4% paraformaldehyde in PBS for RNA in situ hybridization or incubated for an additional 7 days, then fixed, and stained to visualize the cartilage structures as described previously (Niswander et al., 1993) . In some cases, the bead was held in place with a platinum staple at the distal posterior tip of the limb bud as described previously (Niswander et al., 1993) . To remove the ectoderm overlying the limb mesenchyme, -2 p_l of Nile blue sulfate (Sigma, N5632; 1.5% in water) was applied to the surgical site and allowed to remain for -10 s. This causes a slight blistering of the ectoderm that then can be gently peeled away with fine forceps without disturbing the underlying mesenchyme. The dorsal ectoderm was removed over a region extending from somites 15 to 21 adjacent tothe limb bud to midway along the proximodistal axis (stage 24) or along the entire extent of the limb bud (stage 20). Particular care was taken to ensure that the dorsal ectoderm was completely removed along the posterior limb margin. To remove the ventral ectoderm, the limb bud was lifted up using forceps, and ventral ectoderm was peeled off from the body wall to the distal tip (stage 20) or midway along the proximodistal axis of the limb bud (stage 24). Then, a cut was made at the ventral side near the body wall, and a piece of aluminum foil was inserted to prevent the ventrally denuded limb bud from sticking to the body.
Plasmids and Retroviral Vectors
The mouse Wnt7a gene was provided by Dr. A. McMahon (plasmid pl0-Br; Harvard University). PCR primers (5'-TATGAGAATTCCAT-GACCCGGAAAGCGCGGCGC-3' and 5'-ACTAGGATCCTCACTTG-CACGTATACATCTCC-3') were designed to amplify only the coding region and to include EcoRI and BamHI restriction sites on the 5' and 3' ends, respectively. The Wnt7a PCR product (-1060 bp) was subcloned into pBluescript SK(+) and Cla12Nco shuttle vector (Hughes et al., 1987) . The resulting plasmids were designated Wnt7a-blu and Wnt7a-c/a. Wnt7a-cla was digested with Clal, and the insert was subcloned into avian retroviral vectors RCASBP(A) and RCASBP(E) (Hughes et al., 1987) 
, generating Wnt7a-RCAS(A) an d Wnt7a-RCAS(E).
Viral spread can be limited by the choice of retroviral vector (Fekete and Cepko, 1993) .
Preparation of Digoxygenin-Labeled Riboprobes and RNA In Situ Hybridization
Nonradioactive digoxygenin antisense RNA probes for chick Shh, Fgf4, Bmp2, Bmp4, and Hoxd13 were prepared as described previously (IzpisL~a-Belmonte et al., 1991; Niswander and Martin, 1992; Riddle et al., 1993; Francis et al., 1994) and according to the instructions of the manufacturer (Boehringer Mannheim). Whole-mount in situ hybridization was performed as described previously (Izpist~a-Belmonte et al., 1993) .
Polarizing Activity Assay
The bead was removed 24 hr after inserting an FGF4 or PBS bead into the proximal posterior mesenchyme of the appropriate stage wing bud, and a small piece of mesenchymal tissue (-100 pm) from that region was grafted under the anterior ridge of a stage 19/20 chick embryo wing bud. Following an additional 6 days of incubation, the host embryos were fixed, the cartilage revealed by alcian blue staining, and the digit pattern analyzed (see Niswander et al., 1993) . Polarizing activity was determined based on the extent of supernumerary digit formation in the host limb as follows: no polarizing activity, absence of supernumerary digit formation; weak polarizing activity, ectopic cartilage formation or presence of an extra digit 2; medium polarizing activity, presence of supernumerary digit 3; strong polarizing activity, presence of supernumerary digit 4.
Virus Production and Cell Grafting
Chick embryo fibroblasts (CEFs) and virus stocks were prepared according to the method of Fekete and Cepko (1993) . CEF cells were transfected by lipofectin (Bethesda Research Laboratory, catalog number 18292-011). To facilitate cell implantation, we used a method to enhance the formation of CEF aggregates. Confluent CEFs from one 100 mm dish were trypsinized (0.250/0 trypsin) and resuspended in 10 ml of M199 medium with 9% fetal calf serum and 2% chicken serum (GIBCO). The cells were centrifuged at 1000 rpm for 5 rain and resuspended in 0.1 ml of medium. A 30 pJ drop of resuspended cells was placed in a 35 mm petri dish, which was flipped upside down to form a hanging drop, and then incubated for ~3 hr. The cell aggregates were cut into small pieces (100-200 p.m diameter) and grafted to chick limb buds. Viral infection of the limb bud was accomplished by injecting concentrated viral stock of Wnt7a-RCAS(A) into a stage 19/20 chick wing bud. Further experimental manipulations were performed -24 hr later, when the infected limb bud reached stage 24. Wnt7a expression in the limb mesenchyme was determined in separate experiments by whole-mount in situ hybridization.
